The advent of magnetic resonance imaging (MRI) enables noninvasive measurement of cerebrospinal fluid (CSF) motion, and new information about CSF motion has now been acquired. The driving force of the CSF has long been thought to be choroid plexus (CP) pulsation, but to investigate whether this phenomenon actually occurs, CSF motion was observed in the ventricular system and subarachnoid space using MRI. Eleven healthy volunteers, ranging in age from 23 to 58 years, participated in this study. The MRI sequences used were four-dimensional phase-contrast (4D-PC) and time-spatial labeling inversion pulse (t-SLIP). The 4D-PC images included sagittal images in the cranial midline, coronal images focusing on the foramen of Monro (FOM), and oblique coronal images of the trigone to quantify CSF velocity and acceleration. These values were compared and analyzed as non-parametric data using the KolmogorovSmirnov test and the Mann-Whitney U test. 4D-PC showed that the median CSF velocity was significantly lower in the posterior part of the lateral ventricle than in other regions. The quantitative analysis of velocity and acceleration showed that they were decreased around the CP in the trigone. Image analysis of both velocity mapping and t-SLIP showed suppressed CSF motion around the CP in the trigone. These findings cast doubt on CP pulsation being the driving force for CSF motion.
Introduction
There is an exchange of substances between the cerebrospinal fluid (CSF) and the interstitial fluid of the brain and nerves, and CSF motion through the brain ventricles and subarachnoid space helps maintain homeostasis of the central nervous system (CNS). 1, 2) Therefore, normal CSF motion is important in the CNS, and disruption of CSF motion can lead to conditions such as hydrocephalus. CSF motion involves flow and circulation of fluid along a pressure gradient and requires fluid pulsation. CSF pulsation has been widely demonstrated in animal studies and in human clinical studies, and imaging studies have helped researchers and clinicians understand the complicated CSF motion. Therefore, CSF pulsation and motion require some type of driving force. However, controversy still exists regarding the origin of this CSF driving force.
Current understanding of the origin of CSF pulsation dates back to the beginning of the 20th century. Namely, CSF is mainly produced by the choroid plexus (CP) in the lateral ventricle, flows from the third and fourth ventricles into the subarachnoid space of the cranium and spinal cord, and is absorbed by venous blood from arachnoid granules in the convexity. This can be thought of as bulk flow like a river in a one-way direction from the site of production to the site of absorption. However, recent studies of CSF motion are gradually challenging these basic concepts about CSF motion. 3, 4) Two major theories about the origin of CSF motion are the arterial and respiratory driving force theories. Moreover, whether pulsations are directly transmitted from blood vessels to the CSF, or whether pulsations are indirectly transmitted from blood Neurol Med Chir (Tokyo) 58, January, 2018 vessels through other tissues to the CSF, remains unclear. Bering reported that the CP plays an important role in transmitting arterial pulsations to the CSF. 5) Later, in regard to any association between the mechanism of ventricular enlargement and CP pulsation, research results were published showing that CP pulsation was indeed an important factor in ventricular enlargement. 6, 7) However, there have been many arguments against this theory that CSF pulsation originates in the CP. [8] [9] [10] These arguments refuting the theory that the CP is the driving force of CSF pulsation include proposed theories such as "arterial pulsation in the subarachnoid space is directly propagated to the CSF," 11, 12) and that "capillary pulsation in the brain parenchyma causes expansion of the brain parenchyma, resulting in transmission of brain pulsations to the CSF." 13) Another theory has been that "changes in intrathoracic pressure with respiration are transmitted to the venous plexus in the spinal epidural space and directly to the intracranial venous system, and this in turn is propagated to the CSF." 14, 15) The increased popularity of neuroendoscopic surgery has now made it possible to directly observe the CP. However, Picard commented that, based on his experience, he had never observed volumetric change due to active CP arterial pulsation. 16) Furthermore, no imaging studies to observe the CP and surrounding CSF motion have previously been reported. Consequently, there has been increasing skepticism about whether the CP is really the driving force of CSF pulsatile motion.
Therefore, quantitative analysis of both velocity and acceleration of the CSF in the CSF cavity was performed by four-dimensional phase contrast (4D-PC) magnetic resonance imaging (MRI), along with imaging analysis of CSF motion in the CSF cavity using time-spatial labeling inversion pulse (t-SLIP), to investigate whether the CP is the driving force of CSF pulsation. This enables indirect observation of whether surrounding CSF motion occurs due to volumetric change of the CP in the trigone of the lateral ventricle. The CP is widely distributed from the lateral ventricles through the foramen of Monro (FOM) to the third ventricle, as well as partially from the fourth ventricle to the subarachnoid space in the base of the brain. The CP in the ventricles projects from the ventricular wall, MRI can easily observe the posterior part of lateral ventricle, and the CP has a large volume. Thus, CSF motion in the trigone can be observed. Our conclusions about whether the CP in the posterior part of lateral ventricle is actually involved in CSF pulsation are reported.
Materials and Methods
Our institution's internal review board approved this research. All volunteers were examined after providing appropriate informed consent, consistent with the terms of approval from the internal review board of Tokai University Hospital, Isehara, Kanagawa, Japan.
This study included 11 healthy volunteer participants, ranging in age from 23 to 58 years. To obtain the widest possible view of the CP in the lateral ventricle, oblique coronal views of the posterior part of the lateral ventricle were obtained to observe CSF motion around the CP. MRI imaging was performed as described below.
A 1.5-T scanner (Gyroscan, Philips; Best, The Netherlands) equipped with an 8-channel phased array head/neck coil was used with the following conditions: flow encode directions, foot-head (FH), right-left (RL) and anterior-posterior (AP); number of cardiac phases, 32; repetition time (TR), 9.8-16.4 ms; echo time (TE), 6.6-6.7 ms; flip angle (FA), 20°; field of view (FOV), 22 × 22 or 32 × 32 cm 2 ; velocity encoding (VENC), 5 cm/sec; and spatial resolution, 1.96 mm (isotropic). The four-dimensional velocity field of the CSF was extracted by the Pulsatility-Based Segmentation (PUBS) technique, 17) in which a flow segment with a temporal pattern correlating with that at a reference point in an artery or vein was regarded as a blood flow and removed from a velocity map. Vectors then delineated the in-plane velocities, while the through-plane velocities were visualized by colors. The vector-color-coded CSF velocity field was then superimposed on the T 2 -weighted images with the stationary tissues. The principle of this analysis represents the velocity obtained in the three directions (AP, RL, FH) by the PC method. To evaluate the effect of cardiac pulsation on CSF motion around the CP in the lateral ventricle, acceleration was calculated as the first-order time derivative of the mean velocity in the ROIs. The maximum acceleration was compared among region of interests (ROIs). The details of the ROI setting are shown in a previous report. 18) After color and vector images were obtained, the researchers, who included neurosurgeons, used an originally developed, mouse-operated, graphical user interface to specify the ROI such that the posterior part of the lateral ventricle, in particular most of the CP, was included on oblique coronal views. A partial volume effect due to the relatively large voxel size (about 2 mm) used in this study tends to produce errors with segmentation based on T 2 -weighted images. Therefore, a segmentation method known as spatial-based fuzzy clustering 19) was used to reduce this partial volume effect. This can distinguish CSF spaces from the brain parenchyma. The quantitative data for both velocity and acceleration of CSF motion around the CP in the trigone were compared to the results on the same volunteers in which a 4D-PC method was used to quantitatively analyze CSF motion of the ventral surface of the brainstem, third ventricle, fourth ventricle, anterior horn of the lateral ventricle, and subarachnoid space of the convexity. Statistical analysis was performed to examine whether CP pulsation in the trigone was indeed the origin of CSF motion. The CSF velocity and acceleration data calculated in the ROIs are shown as box plots.
CSF velocity around the CP of the trigone was compared with data for other intracranial regions. This was evaluated as non-parametric data using the Kolmogorov-Smirnov test and the Mann-Whitney U test. All statistical analyses were performed using SPSS ver. 13 (SPSS Japan Inc., Tokyo, Japan). To correct for the multiple comparisons, the Bonferroni's method was used to set the threshold of significance to a P value < 0.0033 (0.0033 = 0.05/15).
For imaging analysis of each CSF cavity region, t-SLIP images using the following sequences were used: 2D single-shot T 2 -weighted imaging, repetition time = 6000 ms, echo time = 83 ms, flip angle = 90°, field of view = 250 × 250 mm 2 , matrix = 256 × 256, slice thickness = 5 mm, turbo spin echo factor = 97, half scan factor = 0.6, sensitivity encoding factor = 1.6, TI = 2500 ms, k-space trajectory = sequential order, and selective pulse width = 30 mm. The TI value was set close to the null point of the CSF. The t-SLIP images were evaluated in the ventral surface of the brainstem, fourth ventricle, third ventricle, anterior horn, and trigone. The image analysis was performed by three board-certified neurosurgeons. Figure 1 shows a box plot of the CSF velocity at each site. The quantitative velocity values differed among the intracranial sites. The median velocities in each ROI were: ventral surface of the brainstem, 0.40 cm/s; fourth ventricle, 0.23 cm/s; third ventricle, 0.28 cm/s; anterior horn of the lateral ventricle, 0.21 cm/s; trigone, 0.10 cm/s; and convexity, 0.07 cm/s. The CSF velocity was lower in the trigone than in the ventral surface of the brainstem, third ventricle, and fourth ventricle (P < 0.0033). Therefore, CSF motion in the trigone, which includes much of the CP, tended to be slower. Figure 2 shows color imaging of CSF velocity in a representative volunteer. The sagittal image in Fig. 2a shows an increase in CSF velocity around the FOM. This increased velocity was transmitted from the third ventricle to the anterior horn. However, CSF velocity at the trigone was slower (Fig. 2b) , and, Neurol Med Chir (Tokyo) 58, January, 2018 moreover, transmission of CSF motion from the trigone anteriorly to the body of the lateral ventricle was not observed (Fig. 2a) . Figure 3 compares CSF velocity changes in the trigone and subarachnoid space of the cerebral convexity. CSF velocity increased around structures appearing to be blood vessels in the subarachnoid space of the cerebral convexity (Fig.  3b ), but these changes were localized, and overall CSF velocity was still slow. Overall CSF velocity in the trigone was slow, and even in sites where the CP was thought to be located, no increases in CSF velocity due to pulsatile changes of the CP were observed. . CSF acceleration tended to be lower in the trigone than in the ventral surface of the brainstem, third ventricle, and fourth ventricle (P < 0.0033). Therefore, CSF motion in the trigone, which includes much of the CP, seemed to show slower motion. Figure 5 shows representative t-SLIP images in each region. In the ventral surface of the brainstem, third ventricle, fourth ventricle, and anterior horn of the lateral ventricle, all volunteers' images showed marked labeled CSF motion around the tagged area or unlabeled CSF motion came into the tagged area, which means that there was irregular CSF motion in the tagged area. On the other hand, all image interpreters concluded that there was no remarkable CSF movement around the CP in the trigone, and there was also irregular CSF motion inside the CP in the trigone, even in younger volunteers with a small-volume trigone (Fig. 5) . 
Results

Discussion
The present study using 4D-PC MRI and t-SLIP found no obvious CSF motion around the CP in the trigone of healthy volunteers. This lack of CSF motion suggests that the CP is not the origin of the driving force for CSF motion from the lateral ventricle to the third ventricle. CSF motion was slow around the CP in the lateral ventricle, except around the FOM. CSF velocity was higher in the third ventricle than in the other ventricles, while CSF acceleration was predominant in both the third and fourth ventricles, which was derived from the quantitative analysis of the CSF velocity Many clinicians, based on their experience observing the CSF during surgery, external ventricular drainage, and lumbar puncture, know that CSF pulsation is synchronous with the heartbeat and respiration. Bering's research is famous for suggesting that the CP acts as a pump for synchrony between CSF pulsation and the heartbeat. 5) In 1943, O'Connell proposed that arterial blood flow into the brain parenchyma during systole expands the brain parenchyma, thus compressing the third ventricle and acting as a CSF pump.
11)
These findings were later supported by Du Boulay using videos of oil contrast myelography of many patients showing that rhythmical squeezing of the thalamus bilaterally was transmitted to the CSF in the third ventricle, causing CSF motion. 13) In that article, Du Boulay concluded that there was little CSF motion in the lateral ventricles, and that compared to CSF motion in the third ventricle, CSF motion in the lateral ventricles was not significant.
13) The present results are in total agreement with O'Connell, who proposed that the third ventricle acts as a CSF pump, because the present result shows that the CSF motion of the third ventricle is predominant in the ventricular system, and CSF motion of the trigone is very weak in the ventricular system. Presumably, squeezing of the thalamus on both sides at the third ventricle causes the capillary pulsation in the thalamus to be the driving force of CSF pulsation; thus, this is the origin of the CSF driving force of the CSF motion in the ventricular system. Today, the rebuttal of Bering's proposal is supported by the findings of recent advanced endoscopic views. During endoscopy within the cerebral ventricles (by insertion of an endoscopic sheath to observe under the open cavity), clinicians have never observed pulsatile changes of the CP that are sufficient to pump CSF to other ventricles. 16 ) Therefore, there is little evidence to support the theory that expansion of the CP induces CSF pulsation and is the driving force of CSF motion.
MRI is now being used to analyze CSF motion. 3, 4, 18, 20, 21) MRI techniques have been widely developed to noninvasively observe and quantify CSF motion in humans. Some researchers have impressed slower CSF motion in the lateral ventricle 3, 4, 22) by MRI, but no quantitative analysis was performed before the present report. Several studies using noninvasive MRI have quantified CSF motion and reported CSF pulsations. [23] [24] [25] [26] [27] These MRI studies were designed to investigate temporal changes in CSF flow waves and analyze CSF pulsation.
However, direct observation of pulsatile CP motion in the posterior part of the lateral ventricle has not been previously reported.
If pulsatile changes occur in response to pressure changes in blood vessels supplying the CP, increased CSF velocity and/or turbulence in that region would be observed. It is important that a high volume compartment such as the trigone showed low CSF velocity, while a low volume compartment such as the third ventricle showed high velocity. Thus, we determined the acceleration (defined as the time rate of change of velocity) of the CSF. Acceleration directly reflects pulsation, such as of the CP, and is not affected by the volume of a cavity. 28) Additionally, image analysis using the t-SLIP method, which shows direct CSF movement in the CSF space, was also performed. However, CSF velocity and acceleration around the CP in the trigone were low in the present study, and there was no obvious motion (rapid and/or turbulent) of excited CSF in the observed region (around the CP in the posterior part of the lateral ventricle). There was also no obvious CSF motion around the CP using the t-SLIP method. This low CSF acceleration and velocity and the absence of turbulence on these two MRI imaging techniques can be interpreted as meaning that pulsatile changes of the CP sufficient to drive CSF motion do not occur.
What then is the origin of rhythmical CSF pulsation? According to the results of CSF velocity, the third ventricle plays a central role in the driving force of CSF motion in the ventricular system. We have previously reported the details of velocity and pressure gradient images in the third ventricle (Figs. 2 and 3 in our article). 4) Thus, the origin of the driving force of CSF motion is the squeezing of the pump action of the thalamus on the ventricular system, but the origin of CSF motion in the subarachnoid space is still debated; blood pulsation of the vascular system may be directly propagated to the CSF or be the result of transmission of intrathoracic or parenchymal pressure changes. We need to further investigate the origin of CSF pulsation in the subarachnoid space.
The present study has some limitations. The first may be measurement error. Tang et al. reported an error margin of up to 10% using phase-contrast methods.
29) The second limitation is the age of the volunteers. The present data were obtained from adult volunteers aged ≥23 years, so caution is necessary in extrapolating these results to the developmental stage of the CP during infancy and childhood. The third limitation is that observation of CSF movement by the present method is limited to one cardiac cycle, so that CSF motion related to respiratory thoracic pressure changes could not be observed.
The present study focused on the CP in the trigone, so the possibility remains that pulsatile changes of the CP in the third and fourth ventricles may still be actively involved in CSF pulsation. It was technically difficult to separately evaluate pulsatile changes of the CP in the other lateral ventricle, 3rd ventricle, and 4th ventricle.
In this study, because the participants were healthy adults, no comment on the relationship between CSF motion and the CP in healthy infants and children, or in patients with hydrocephalus, is possible.
Conclusion
This study investigated whether the CP in the trigone plays an important role in CSF pulsation. 4D-PC was used to measure velocity and acceleration around the CP of the trigone and compare the results with those of other CSF spaces. Observation of the ventricular system showed that CSF acceleration was weak in the trigone compared to other ventricular sites. Additionally, image analysis of the CSF motion showed reduced CSF motion around the CP of the trigone compared to other ventricular sites. These observations seem to suggest that the CP in the trigone is not likely a major source of CSF pulsation.
